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Today, nanotechnology has become central to our research efforts in order to 
come up with smaller and smaller devices, which are more versatile than their 
older and bigger predecessors. MEMS devices, biosensors, nanocomposites are 
some of the examples of these devices. To realize the goal of fabricating these 
devices newer materials and novel techniques to manufacture these materials at 
spatial scales, heretofore unseen, are required. Also, we need to know the 
mechanical properties of these materials at nanoscales and we have to strive for 
environmentally benign ways of achieving these production goals. Silica is a very 
important material in this regard. Recently, a new biomimetically inspired path to 
silica production has been demonstrated. This processing technique was inspired 
from biological organisms, such as marine diatoms, which produce silica at 
ambient conditions and almost neutral ph with beautiful control over location and 
structure. Recently, several researchers have demonstrated that positional 
control of silica formed could be achieved by application of an electric field to
iii
locate charged enzymes responsible for the bio catalytic condensation of silica 
from solution. Secondly, chemical and physical controls of silica structural 
morphology were achievable. Research now documents the effect of these 
“controls” on the mechanical and structural properties of the silica formed. Atomic 
Force Microscopy (AFM) and Ultrasonic Force Microscopy (UFM) is used for the 
first time to provide both substantially improved resolution of the morphology and 
relative measurement of the modulus of elasticity of the structures. In particular, 
these measurements reveal the positive impact of a shear flow field present 
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p fluid dynamic velocity
T shear stress
di tip ac amplitude
Zi sample ac amplitude
ki (z, d) tip sample interaction stiffness
kc (z, d) cantilever spring stiffness
Pi (z, d) tip-sample interaction damping constant
Pc (z, d) cantilever damping constant




‘Nano technology', Today this word has become central to the research for better 
and more efficient systems, often this means seeking inspiration from nature. 
The molecular machinery of green plants, for example, converts more energy 
and synthesizes a greater tonnage of organic compounds than does humanity’s 
entire chemical industry, and does so cleanly and by using cheap raw materials. 
At a conservative megabyte or so per genome, the digital storage capacity of the 
millions of bacteria in the dirt on a computer far exceeds that of the hard drives 
inside [1]. To attain the goal of fabricating these nature inspired efficient systems, 
it is very important to grow materials at nano scales and to gain structural and 
positional control over them.
There has been a plethora of research going on to gain this objective. Some of 
the promising nanomaterials that researchers have been trying to process and 
then gain structural and positional control have been carbon nanotubes and 
silica. The focus of our research is to process the latter, silica, in a way that is 
efficient, cheap, environmentally friendly and most importantly which gives us
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control over local positioning, structure and properties. The present conventional 
chemical synthesis of silica-based materials requires harsh conditions like high 
temperatures and extreme pressures. The focus of this research has been 
biomimetic synthesis of silica and its characterization with respect to silica
obtained from other sources.
1.1 Background:
Many materials have been considered for advanced applications in electronics, 
optics and biomedicine and more. As the size of the future devices for the above 
applications decreases, we have to look for materials at smaller scales to keep 
up. Some of the materials being considered are:
1.1.1 Carbon Nanotubes:
( Carbon nanotubes are one-dimensional and are nanometer-sized tubules with 
properties close to that of ideal graphite. The main process by which these 
nanotubes are produced is by using d.c. Electric arc discharge [2]. There are 
other methods too like catalytic decomposition of hydrocarbon gases by catalytic 
particles of transition metals (Co, Fe, Ni) [2]. The conditions required for these 
processes are typically very harsh, 800-1500 degrees Celsius and helium gas 
pressure of 500 torr, which is the main reason why it is so tough to obtain straight 
tubules. Also catalyst particles are often left behind at the tips and samples are
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contaminated from amorphous carbon. The yield of carbon nanotubes in these 
processes is very poor and their purification remains a very tedious and difficult
process.
The main reason for considering carbon nanotubes is the inherent in plane 
strength due to the covalent bonds in graphite, which is one of the strongest in 
nature. The material is extremely light, highly electrically and thermally 
conducting and corrosion resistant. Carbon nanotubes in particular are very 
important as they hold the possibility to create quasi-one-dimensional structures. 
As well, they form a very important bridge between industrially useful micron size 
graphite fibers and fullerene of a molecular scale.
While much research work has been done towards structural and growth 
processes, there still is scarcity of measurements on individual nanotubes due to 
obvious technical difficulties, which is true for all nanometer-sized materials as
we will see later.
In spite of all the problems carbon nanotubes remain a very important nano scale 
material and have some very important and advanced applications.
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1.1.2 Non-Carbon Nanotubes
Much before carbon nanotubes were discovered in naturally occurring layered 
silicate structures (clays), for example chrystophiles, they were known to exist in 
tubular forms at nano scales [3]. Also it has been found that synthetic production 
of nano tubes is not restricted to graphite but could also be achieved in many 
non-carbon compounds, which show layered structure [4]. These structures 
though are mainly electrically insulating and much more complex than carbon 
nanotubes, yet they still exhibit controlled nanostructure.
1.1.3 Silica
Silica is probably the most abundant compound found on earth and is the focus 
of our research. But it is of little or no use to us in its naturally occurring form. All 
the chemical processes in existence today to manufacture silica are carried out 
at high temperatures and high pressures.
But there is another source of silica that has not been looked into extensively and 
is just now gaining prominence among researchers, namely biologically produced 
silica. Many invertebrates, like diatoms, produce exquisitely controlled silica 
structures with nanoscale precision exceeding present human ability. 
Biotechnology is starting to reveal the proteins, genes and molecular 
mechanisms that control this synthesis in marine organisms that produce large 
amounts of silica [5]. These marine organisms are able to form intricate siliceous
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nanostructures within their cell walls with precise control [6,7]. For example, there 
are intricately sculpted shells of radiolarians, the basket-shaped skeletons of 
unicellular choanoflagellates, the protruding spicules of certain sponges and the 
teeth of certain mollusks [8], and diatoms where micro algae takes up dissolved 
silicon from water (fresh- or seawater) to produce silicified cell walls containing 
amorphous silica (frustules) with highly detailed species specific morphological 
features [9]. The biological production of silica occurs on enormous scales 
globally, yielding gigatons per year of silica deposits on the floor of the ocean. 
The most interesting aspect of this kind of silica formation is that precise control 
over nanoscopic and macroscopic structures of biosilicates is achieved during 
their formation in water-based media at ambient temperatures and approximately 
neutral ph [10]. Figure 1.1 shows some of the structures produced by marine 
organisms. Traditional synthesis of sol gels [11] and ordered silicates like zeolites 
[12] require ph extremes and well above ambient temperatures. Although sol gel 
produced silica is industrially important, little positional or structural control over 
its structure has been gained [13,14]. Therefore there is much we can learn from 
biomineralization of silica by these mostly marine organisms to get inspiration for 
making silica with more control over structure and physical properties at ambient 
temperatures and neutral ph.
5
Fig 1.1 Precisely controlled structures produced by marine organisms [6]
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1.2 Present Research
There has been a sudden burst of interest in biomineralization and biomimetic
synthesis of silica lately. This interest has lead a diverse group of people to delve 
into this field. Biotechnology has started to reveal the proteins, genes and 
molecular mechanisms that control the biomimetic synthesis of silica in marine 
organisms and biologists like Nils Kroger have started to isolate the genes and 
proteins responsible for biosynthesis and nanofabrication [5]. The discovery of 
this interface between inorganic world of silicon and the biopolymers that control 
this biosynthesis includes dynamic catalysts related to well known enzymes and 
offers prospects for structural and positional control at nanoscales that were 
previously unimagined.
Among the most interesting materials are those with functionalized biomolecular 
interfaces, which include receptor proteins. These could form the basis for 
developing advanced materials that serve as chemical and biological sensors 
[15]. Other areas of interest where these materials can be used include 
technological areas as diverse as molecular electronics and optical switch 
applications [16] and the lithographic fabrication of nanometer scale patterns 
[17]. In many cases materials have uses in biomedical applications, for example, 
in tissue engineering [18,19,20] or in developing self assembled drug and gene 
delivery vehicles [21]. Another very important area where bio-silica can be used 
is that of nanocomposites.
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As discussed earlier silica is a very important material for nanofabrication and 
structural and positional control over its morphology at nanoscales will go a long 
way to serve the various applications discussed above. Many attempts, some 
very successful have been made to do just that. Biosilicates are increasingly 
being explored as inexpensive precursors for silicon-containing materials. For 
example, ancient diatom shells in the form of diatomaceous earth are used as 
silicon sources for zeolites [22] as well as silicon nitride [23]. Similarly many 
other nature inspired efforts have been made to produce silicon-containing 
materials at ambient conditions. The main impetus has been on identifying 
various proteins, peptides and polysaccharides that direct the growth of silica at 
nanoscales in nature and specifically in diatoms and other marine organisms.
1.2.1 Biosilification Using Peptides
Many researchers have observed formation of silica nanospheres using a 19 
amino acid R5 unit peptide [SSKKSGSYSGSKGSKRRIL] [24]. The same has 
been observed using other peptides such as Lysine. The primary reaction in this 
form of in vitro process of biosilification is:
Si (OH)4-> SiO2 + 2H2O
This reaction is carried out in the presence of either R5 or lysine or any other 
peptide, which can direct biosilification process.
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In a typical procedure for a static test, 300gl of 1M Tetramethoxy Silane (TMOS) 
was added to 1700gl of 0.001 M Hydrochloric acid (HCI). Then 5gl of this solution 
was added to 50gl of Citric Phosphate buffer and to this solution we added 5gl of 
50mM R5 solution. This resulted in the formation of silica spheres of roughly 
500nm diameter [44].
In other experiments elongated silica structures were formed in an oxygen free 
atmosphere [24]. The morphology of these structures could also be altered using 
shear flow fields, which will be discussed later. In another case nitrogen gas was 
bubbled through the reaction mixture causing bubble formation. Contact between
these bubbles resulted in the formation of an interface. It is believed that the 
surface tension gradients combined with the surfactant nature of R5 peptide 
promotes higher concentrations of this peptide at the liquid-air interface of the 
bubbles, thus, promoting silica formation at the surface of the bubbles. The 
bubbles also create micro-channels of high shear rates through which the fluid 
flows giving the formation process a preferential direction. By directing the 
addition of newly formed silica along the spherical surface of the interface, an 
elongated arch like structure was formed [24].
Many other morphologies can be observed as the reaction conditions are 
tweaked physically or chemically. The reaction can be changed physically by the 
application of shear flow fields or electrical fields. It has been found that these 
can alter the morphology that is obtained. Similarly the reaction can be changed 
chemically by adding dopant with hydroxyl groups in various volumes to the
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reaction mixture, which again caused a tremendous effect on the kind of 
morphology obtained [25].
For someone looking to work in this field it is imperative to know that it has a 
highly interdisciplinary nature. Success will come only if physical and chemical 
engineers work hand in hand and also have an up to date appreciation of the 
relevant biological issues associated with the problem [26].
1.3 Scope of Research:
Even though a lot of research of biomineralization of silica and other materials for 
nano applications, there is a dearth of work being done to characterize these 
materials at a pace that matches their production.
Atomic Force Microscope (AFM) and Scanning Electron Microscope (SEM) have 
been instruments of choice for researchers and have provided much help in 
endeavors to better understand the behavior of all the new materials being 
produced. More detail on these will be given in subsequent chapters. The main 
focus of my research has been the use of particularly the AFM to characterize 
the silica produced by various in vitro processes. This is not a straightforward 
task as the information received when using AFM is very cryptic, but an honest 




The main objectives of this research are:
1. to carry out a qualitative characterization, which includes shape, 
concentration and mechanical properties of the bio-silica, and for that 
matter any other similar material, which will give us a view of the structural 
and mechanical aspects of the material at hand. This will go a long way in 
helping us evaluate the various morphologies being obtained using
various methods.
2. to carry out a quantitative characterization of the bio-silica and similar 
materials. Applications of bio-silica and other materials discussed above 
require the knowledge of various physical parameters for these materials, 
such as the elastic constant (Young’s Modulus). This research will be 
mainly focused on trying to get quantitative values of these materials out 
of the data collected from the AFM. Also the effect of various techniques 




Atomic and Ultrasonic Force Microscopy
2.1 History and Definitions:
As discussed in the previous chapter there is a growing need to characterize, 
both structurally and mechanically, the kind of silica that has been produced 
during various biomineralization processes. It is very important to observe the 
changes that have been effected by various processes, chemical and 
physical, to the physical properties of the silica, so as to find suitable 
applications for this new biomaterial. To study this Atomic Force Microscope 
has the potential to be a very effective and helpful tool.
The Atomic force microscope (AFM) is a form of Scanning Probe microscopy 
(SPM), which consists of a family of microscopy forms where a sharp probe is 
scanned across a surface and some tip sample interaction or interactions are 
monitored and interpreted as surface imagery and force-deflection curves.
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AFM was developed by Binning, Quate and Gerber as collaboration between 
IBM and Stanford University in 1986. Binning, with Rohrer, won the Nobel 
Prize in physics in 1986, for developing another very important instrument 
called Scanning Tunneling Microscope in 1982, which was the first in the 
family of Scanning Probe Microscopy [27].
There are other forms of SPM techniques namely Ultrasonic Force 
Microscopy (UFM), Lateral Force Microscopy (LFM), Force Modulation 
Microscopy, Magnetic Force Microscopy (MFM), Electric Force Microscopy 
(EFM) and others.
For the purpose of our research we will be primarily dealing with AFM and 
UFM. UFM in particular will be most widely used because of its proven ability 
to map elastic properties of samples being scanned. The following sections 
will describe these two techniques in detail.
2.2_Atomic Force Microscope:
Atomic Force Microscopy is also known as Scanning Force Microscopy 
(SFM). There are 3 primary modes of operation in AFM:
• contact Mode AFM
• non-Contact Mode AFM and
• tapping Mode AFM
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All these modes are described in the next section.
2.2.1 Contact Mode AFM:
This mode operates by scanning a sharp tip at the end of a cantilever across 
a sample surface. The tip radius can be anywhere from 10nm to 200nm.The 
most common material for a tip is silicon nitride with a typical tip radius of 
50nm,but some researchers have used carbon nanotubes as tips with a tip 
radius as low as 15 nm to 10 nm [42]. The tip stays in contact with the sample 
surface as it scans. As the surface topography changes the cantilever tends 
to deflect, either upwards or downwards. There is a laser, which is reflected 
off the back of the cantilever into a split photodiode detector, hence 
continuously monitoring the cantilever deflection. The optical path length of 
the laser is large, thereby permitting small deflections to be resolved. There is 
a feedback loop, which maintains a constant deflection between cantilever 
and the sample by moving a piezoelectric scanner by applying a “Set Point 
Voltage” at each point to maintain a “Set point Deflection”. Figure 2.1 shows a
detailed schematic for contact mode AFM.
14





Fig 2.1 Schematic for Contact mode AFM [27]
Maintaining a constant set point deflection, the force between the tip and 
sample is kept constant and can be increased or decreased by varying this 
set point voltage so as to get a better image as the optimal set point varies 
from sample to sample.
The force between the sample and tip can be calculated using Hooke’s Law
F = - k x,
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where F is the tip-sample force, k is the effective spring constant of the 
cantilever tip and x is the cantilever deflection. The force constant or spring 
constant for general cantilever tips ranges from 0.01 to 1.0 N/m, resulting in 
forces from nN to pN in an ambient temperature.
AFM can be used in both ambient and liquid environments as well as in
vacuum.
This mode gives the highest scan rates as well as the best resolution of all 
the other AFM modes; it is the only technique, which can obtain “atomic 
resolution” images of the sample. It is the best technique to scan rough 
samples with extreme changes in vertical topography as the tip is in constant 
touch with the sample surface.
This mode has some inherent disadvantages as well. These include high 
lateral or shear forces, which can distort or damage softer samples. Also 
there can be a significant error in the images if there is a high degree of 
adsorption on the sample surface, as the tip can get stuck in the liquid layer of 
water or hydrocarbons formed as a result of lengthy exposure of the sample 
to the atmosphere and can also be as a result of high humidity in the 
atmosphere. So humidity control of the ambient is of vital importance for
contact mode AFM.
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2.2.2 Tapping Mode AFM
In tapping mode AFM, the tip is scanned over the sample surface just like 
contact mode AFM, but the main difference is that the tip is not in constant 
contact with the sample surface. In this case, the tip is oscillated at or near its 
resonance frequency and at typical amplitudes from 20 nm to 100 nm. The tip 
lightly taps on the sample surface and comes in contact with the sample only 
at the bottom of its swing.
The feedback loop in this case is used to maintain constant oscillation 
amplitude by maintaining a constant RMS of the oscillation signal. Figure 2.2 
shows the schematic details of tapping mode AFM.
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Fig 2.2 Schematic for tapping mode AFM [27]
The vertical position of the piezo scanner at each point on the sample is 
stored and then used to come up with a topographical image of the sample.
This kind of operation can again be conducted in both ambient and liquid 
environments. In liquid, the oscillation need not be at the cantilever resonance 
[27].
As the tip is not in constant contact with the surface being scanned, the lateral 
forces that the tip applies on the sample are negligible as compared to 
contact mode AFM. Hence tapping mode AFM is very effective and useful for 
softer samples that cannot be imaged by contact mode AFM due to higher 
lateral tip sample forces and might get distorted or damaged.
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This mode has a slightly lower scan rate as compared to contact mode.
2.2.3 Non-Contact Mode AFM:
In non-contact mode AFM the tip never touches the sample during the whole 
scanning process. The cantilever is oscillated at a frequency slightly higher 
than its resonant frequency at small amplitudes (<10 nm), to obtain an AC 
signal from the cantilever.
Due to various interaction forces between the sample and tip, for example 
van der Waals forces or magnetic or capacitative forces [28], the resonant 
frequency of the cantilever is reduced, which results in the reduction of the 
amplitude of oscillation of the tip. The feedback loop maintains constant 
oscillation amplitude or resonant frequency by moving the scanner at each 
point until the set point amplitude or frequency is obtained. The vertical 
positions of the piezo scanner are stored at each point to produce a 
topographical image of the sample surface. Figure 2.3 shows the schematic
details for non-contact mode AFM.
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Feedback Loop Maintains Constant 
O scillation Amplitude or Frequency Controller
Electronics
Fig 2.3 Schematic for Non-contact mode AFM [27]
The main advantage of this mode is that there are no lateral forces on the 
sample and hence soft biological samples can be scanned without any 
distortion. But this mode yields a lower lateral resolution and requires very low 
scan rates. This mode works effectively on extremely hydrophobic samples, 
as the tip can become trapped in the adsorbed fluid layer causing unstable 
feedback and scraping of the sample.
Due to these limitations, this mode has very few applications of interest.
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2.3 Ultrasonic Force Microscopy:
Ultrasonic force microscopy (UFM) is a modification of contact mode AFM 
with constant normal force, where the feedback maintains a constant
cantilever deflection and, hence a constant normal force on the sample. The 
main difference is that one face of the sample is coupled with a piezo­
transducer using some medium like a thin layer of honey or some organic 
substance (salol, phenyl salicylate), like a thin layer of honey, to insure 
mechanical contact for a good ultrasonic propagation and also to make sure 
the sample does not move during scanning process, while the other face is in 
contact with the tip. The piezo-transducer is excited at frequencies high above 
the cantilever’s first resonance frequency but away from its higher mode 
frequencies. The frequencies used are in the neighborhood of 1MHz and 
change from sample to sample. At these high frequencies the cantilever is 
almost dynamically stiff. This dynamic stiffness of the cantilever, at high 
frequencies, exceeds the stiffness at low frequencies by a factor of 102 to 104 
by forcing the vibrating sample to indent itself against the dynamically frozen 
cantilever tip [29]. There are other techniques too, which take advantage of 
this “tip-freezing” phenomenon, namely scanning local acceleration 
microscopy (SLAM) [30] and the atomic force acoustic microscopy (AFAM) 
[31]. This method allows for gathering additional information about the 
sample, like its stiffness and elastic constant.
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2.4 Force Curves
Understanding tip-sample interactions are the key to interpreting the data in 
the form of ‘Force Curves’, to quantify various desired material properties. A 
simple example of a force curve in Contact AFM can be seen in figure 2.4.
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Fig 2.4 Typical force curve [27]
The interpretations of the various parts of the force curve are as follows [27]:
Region 1-2: The piezo-actuator, which controls the retraction and extension of 
the tip, is extended and the tip descends towards the sample surface. The small
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downward kink signifies the pulling of the tip downwards by attractive forces near 
the sample surface. This point is considered to be the point of contact [32],
Region 2-3-. The tip presses into the surface causing the cantilever to bend 
upward.
Region 3-4: The piezo-actuator retracts and the tip starts ascending causing the 
cantilever to relax and regain its shape until the tip forces are in equilibrium with
surface forces.
Region 4-5: The piezo-actuator continues to retract but the tip holds on to the
surface because of the attractive surface forces and the cantilever bends
downwards. If the adhesion forces are high then there is a large cantilever
deflection in the downward direction and vice-versa.
Region 5-6: As the piezo-actuator keeps retracting the tip finally breaks free of 
the surface forces and the cantilever rebounds sharply upward.
Region 6-7: The tip then continues ascending with the piezo-actuator and there 
are no further interactions between surface and the tip.
The forces between the tip and sample vary from sample to sample. In general it 
has been observed that he pull-off force or adhesion is greater than the pull-on 
force. Also there can be a vast disparity between the force curves at two different 
points on the same sample depending upon the sample preparation and other 
factors. Many forces have been suggested as the interaction forces, like van der
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waals forces, magnetic forces, capacitative forces, capillary forces, etc. The force 
with largest magnitude between tip and sample has been found to be the 
capillary force, even though van der Waals forces have been always regarded as 
the major interaction force between the last few molecules of tip and that on the 
sample, still no one has been able to prove the inverse square law which van der 
Waals forces are supposed to obey, using atomic force microscopy [28]. This just 
goes to show the complex concoction of various other forces that are responsible 
for the tip-sample interactions.
The force curve can be used to determine material properties at a given point on 
the surface, but to obtain a force curve on every point in the scan would be very 
laborious and time consuming and requiring tremendous amounts of memory 
making it impractical for all purposes. Even when and where the measurement of 
local elasticity from force curves at one given point has been attempted it 
required specialized tips and special configurations where the researchers 
manufactured special tips with very high stiffness constants of the order of 
100N/m which is beyond the scope of our research and resources at this point in 
time [33].
The cantilever stiffness, to which the tip is attached, plays a vital role in getting 
any kind of information from the sample under consideration. If the spring 
constant for the cantilever is too low, the force curve acquisition is of little use as 
it only reflects the cantilever spring constant instead of the interaction stiffness 
[34]. On the other hand if the cantilever is too stiff, the force curves obtained
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reflects the interaction stiffness and are more interpretable, but the normal force 
sensitivity is lost and the chances of sample damage and the chances of features 
in the image being smeared away increase manifold [34].
Another way of getting information on the tip-sample interactions, especially for 
UFM, has been described by Dinelli et al. [35] as “Differential UFM”. It involves 
obtaining the force indentation curves and then calculating contact stiffness and 
hence sample stiffness. This method is based on the fact that if the amplitude of 
the ultrasonic vibration exciting the sample is modulated or increased, then there 
is amplitude when the tip loses contact with the sample for part of the ultrasonic 
cycle. Also it is assumed that the cantilever vibration at the ultrasonic working 
frequency is negligible. Here again it has been acknowledged by the authors that 
the dependence of sample stiffness on the normal force is not quite understood 
or explained by continuum models. Also the tip geometry plays a vital role in this 
technique, as there are different continuum models for spherical and conical 
shaped tips. Moreover the atmospheric conditions can affect the data obtained 
by this process, for example increased humidity can lead to a decrease in the 
experimentally found contact stiffness due to the presence of fluid film on the tip- 
sample interface making the sample look more compliant than it actually is. Also 
it ignores any viscoelastic effects and plasticity is assumed to be absent. The 
cantilever is supposed to be a point mass instead of distributed mass. This 
particular model or method is good for stiff samples.
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2.5 Analytical Model of Tip-Sample interactions
Many models have been proposed for tip-sample interactions for various modes 
and for various tips, spherical and conical are the most commonly used tips 
[34,36,37,38,39]. The most widely used model, as proposed by Burnham et al. 
[34] considers the tip and sample as a system of springs and dashpots. Figure
2.5 shows this analytical model. The cantilever is represented by spring stiffness 
kc, damping constant pc and effective mass m’ , while k, and Pi represent the tip- 
sample interactive spring constant and damping constant respectively.
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Figure 2.5 Model for tip-sample interactions for UFM
The dynamic solution to this system yields:
di /Z! ={k, [1 + (2m*co Pi I k,)2] 1/2} / {(ki+kc-mW)2 + [2m*to(Pi+Pc)]2} 1/2
where di is the tip ac amplitude, Zi is the sample ac amplitude, ki (z, d) is the tip 
sample interaction stiffness, kc (z, d) is the cantilever spring stiffness, Pi (z, d) is 
the tip-sample interaction damping constant, pc (z, d) is the cantilever damping
constant and m* is the effective mass of the cantilever.
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The main assumptions in this model are that K (z, d) -» kj and kc (z, d) -» kc and 
pi (z, d) -> Pi are constants for a constant given load which is maintained 
constant by the feedback circuit. This assumption allows the model to be solved 
analytically. Also it is assumed that Pi is very low, i.e. the interaction is elastic. 
Without these assumptions the model can become very untenable but at the 
same time these lead to error in eventual results. The magnitude of error is 
dependent on whether the sample is soft or stiff and also on the sample 
preparation. The error can be quite high for a sample that are not uniform and 
are soft but likely is in acceptable limits for stiff samples. Another very important 
assumption is that the cantilever is considered to be a point mass instead of 
distributed mass. Also if the adhesion forces are low while the tip is in contact 
with the sample then kj ->3Ka/2, where a is the tip-sample contact radius or tip 
radius and K is the reduced elastic modulus of tip-sample system [28].
This model has been found optimal for stiff samples. Here kc and pc are the
known values as obtained from the manufacturers data, ki and Pi are the 
unknowns for which we will solve. The elastic constants for the sample can then 
be calculated using following expressions from Hertzian mechanics [40]:
1/K = (1-v12)/Ei + (1-v22)/E2
where subscripts 1 and 2 represent tip and sample respectively.
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The value thus obtained for E2 is considered to be the elastic modulus of the 
sample under consideration. This value is not always the most correct and can 
be off the mark by unacceptable limits many times.
2.6 UFM Imagery
One of the most important aspects of UFM has been its use in qualitative 
characterization of materials. The resolution of an UFM image is much better 
than a traditional contact mode AFM image. UFM images have been very useful 
to qualitatively contrast the materials with different elastic modulus. In UFM, 
when the sample is stiff the repulsive forces on cantilever are higher, hence 
giving a higher lock-in output. Alternatively when the sample is soft the lock-in 
output is lower. The color intensity of the image obtained is decided by the lock-in 
output; the higher the lock-in output, the brighter is the image and lower the lock- 
in output, the darker the image. When interpreting a UFM image, the color code 
carries information. A brighter color means stiffer material while a darker color 
means a more compliant material [41]. But one needs to be very careful when 
applying this color-coding. The contrast in an image is highly dependent on the 
ultrasonic frequency being used to excite the sample, so at different frequencies 
the contrast can be different for the same sample. This color-coding will be used 
as a tool to evaluate or characterize our samples in following chapters, but this 
method cannot be used to compare two different images especially when they 
were obtained at different UFM frequencies.
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Even though obtaining quantitative values for most materials using scanning 
probe microscopy is still in its infancy and will take a while to develop, but still it 
can give us qualitative picture of the structural properties at nano scales while 
giving a very good idea about the mechanical properties. We can see that Atomic 
Force Microscopy is a very important tool for researchers trying to characterize or 
study the new materials, which are evolving to be used in various applications at 
nano-scales, and has helped researchers in more than one ways and will prove




In the first chapter we introduced a new and novel method of producing silica at 
ambient temperature and pressure and at almost neutral ph, just like many 
marine organisms such as diatoms. In this chapter we will discuss in detail, the 
experimentation that has been conducted to come up with a nature inspired 
technique of producing silica. Also we will be listing various approaches, which 
have been used to control the structural and mechanical properties of this silica.
3.1 Biomineralization Processes
Silica is one of the most important materials for many advanced applications in
electronics and other industries. It is one of the most abundant materials found in
nature, but it’s of little use in its natural form. All the present chemical processes 
in existence to attain industrial grade silica are carried out under extreme 
temperature and pressure conditions. But there are some marine organisms like 
diatoms, which produce silica at ambient conditions with beautiful structural
control.
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It has been found that some precursors, like Tetramethoxy Silane (TMOS), in the 
presence of some peptides, like R5, yield silica at ambient temperatures and 
pressures and at almost ambient pH [44]. R5 is an enzyme containing Serine (S), 
Lysine (K), Glycine (G), Tyrosine (Y), Arginine (R), Isoleucine (I) and Leucine (L) 
amino acids. The amino acid sequence in R5 is as follows:
S-S-K-K-S-G-S-Y-S-G-S-K-G-S-K-R-R-l-L
and its molecular weight is 2013.26 .
3.1.1 Chemical Processes:
This section will describe in detail the chemical processes involved in the 
biomimetic production of silica.
The main reaction involved in the biosilification reaction is:
R5 + TMOS -> SiO2 + H2O +R5 
The R5 or any other peptide like Lysine, acts as a catalyst.
3.1.1.1 Buffer Preparation:
One of the main advantages of this process of biomimetic production of silica is 
that it takes place at ambient conditions and at almost neutral ph. It has been 
found that R5 is most active at ph around 7.5.To keep the solution at 7.5 ph, the 
reaction has to be carried out in a buffer solution which maintains the ph during 
an experiment at the desired level of 7.5.
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For the purpose of our experiments we prepared 500 mM of phosphate buffer in 
batches of 300 ml. The main constituents of this buffer are sodium phosphate 
(Mol.Wt. 142) and citric acid anhydride (Mol.Wt. 192) and were provided by Alfa 
Aesar chemicals. We added 17.5 g of sodium phosphate to double deionized 
water (DI water). Then the solution was stirred until all of the sodium phosphate 
was dissolved in the DI water. In a different beaker, we added 9.6 g of citric acid 
anhydride to 100 ml of DI water and stirred the solution until all of citric acid was
dissolved in the DI water.
We then took 60 ml of the sodium phosphate solution and added 180 ml of DI 
water to it in a beaker. Then we calibrated a ph meter and used it to measure the 
ph of the above solution. The typical ph for such a solution is approximately 9. 
Then we slowly added the citric acid solution to the sodium phosphate solution 
until the ph of the solution reached 7.5. It is very important that the solution be 
continuously stirred during this procedure, otherwise the citric acid does not 
completely dissolve and the ph meter reading takes a long time to stabilize. The 
volume of this solution was then brought to 300ml by adding DI water.
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3.1.1.2 Tetramethoxy Silane (TMOS) Solution Preparation:
TMOS is a very hydrophilic substance and should be prevented from coming in 
contact with water by all means. It should be kept frozen in vials in a nitrogen gas 
atmosphere. Also it is very dangerous if it comes in direct contact with eyes or 
skin and proper care, using gloves and protective glasses, should be taken while 
handling it. In our experiments we used 1M TMOS solution manufactured by Alfa 
Aesar. There is a need to dilute this solution for our experiments.
We added 300 pi of 1 M TMOS solution to 1700 pi of 0.001 M HCI in a test tube 
to get the required molality. As soon as we added TMOS to HCL we could clearly 
see two liquid phases. We gently rocked the test tube until we could no longer 
see the two different liquid phases and the TMOS was completely dissolved in 
HCI. This solution should be used within a couple of hours of its preparation as 
the hydrophilic nature of TMOS, causes it to hydrolyze after coming in contact 
with atmospheric moisture.
3.1.1.3 R5 Solution Preparation:
For the purpose of our experiments we needed 50 mM of R5 solution. As has 
been stated above, it has been found that R5 is most active at a ph of 7.5. The 
R5 we used was provided by New England Peptide Co. and was 90 % pure. We 
added 10 mg of R5 (Mol. Wt. 2013.26) to 100 pi of phosphate buffer solution (ph 
7.5) to prepare the required solution. This solution was rock mixed until whole of
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R5 is dissolved in the buffer solution. This solution is kept frozen to prevent it 
from hydrolyzing.
3.1.2 Static Test
By a static test, we mean a test where the different constituents are simply mixed 
and no electric or physical field, like a shear flow field, is present.
For a general static test, we mix in a vial, 50 pi of the phosphate base, 5 pi of the 
TMOS solution, and 5 pi of 50 mM the R5 solution. Then we rock mixed the 
solution slowly for two minutes. Silica precipitates out and it can be clearly seen 
as a white precipitate.
To analyze this biomimetically produced silica, we take a drop of this precipitate 
in a pipette and put the drop on a microscopic glass slide and let it dry. After it 
has dried up we can clearly see the white silica powder on the slide. This glass 
slide is then analyzed under an atomic force microscope.
To determine whether the precipitate we attained is silica, we carried out an 
elemental analysis on the sample we produced. The results, as can be clearly 
seen in Figure 3.1, indicate that what was attained is silica. In addition to silica 
there are some sodium, chloride and potassium salts, which are to be expected 
due to the base solution and HCI and also some amount of carbon. But they are 
in very minimal quantities and the silica obtained is very pure.
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Fig 3.1 Elemental analysis of the sample obtained by static test 
To further purify the precipitate, centrifugal purification was employed. This 
leaves us with rather pure silica but at the same time some of it is lost in the 
process. Since the main aim is to study the silica produced biomimetically and 
not to produce it for any application at this time, a crude centrifugal purification is 
a good idea.
3.1.3 Hydrodynamic Tests
We wanted to investigate the morphology of silica being produced during the 
biomimetic processes due to the presence of a shear flow field during the 
process of mixing various constituents. Three methods were employed to 
observe the effects of shear flow fields on the structural morphology of the silica 
being produced biomimetically. Method 1 was investigated by a team at Air Force
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Research Laboratory [Rodriguez, F. et al.] while our team investigated method 2 
and method 3 as described below The experimental set up for method 2 and 
method 3 were designed and set up indigenously. All three methods are 
described in the following section.
Method 1:
The biomimetic process was carried out in a capillary tube where the reaction 
solution was moved back and forth inside the capillary (Figure 3.2). Some air was 
introduced in the capillary so as to produce bubbles. The bubbles create micro­
channels amongst themselves and cause the reaction solution to experience
shear flow fields as the bubbles move relative to one another.
◄— ► Bubbles •<— ►
Fig 3.2 Schematic of hydrodynamic test in a capillary
R5 is a surfactant; hence its concentration tends to be very high at the air-liquid 
interface. This explains the bubbles acting as biosilification front. This method, 
even though demonstrated the importance of shear flow fields, is very crude as 
bubble formation is not well-controllable. The only control we have is over the 
amount of air we can introduce in the system, which in return determines the 




This was the first method employed by our team to subject the silica processing 
to shear fields while it was being processed. The set-up consisted of a round 
Teflon disc with a circular groove cut into it. The groove was about 50 microns 
wide and 50 microns deep. The dimensions of the groove are important, as they 
are a controlling factor for the shear stress field being generated when the disc is 
rotated. The material of the disc was chosen to not react with the highly reactive 
silane solution. This disc is mounted on the spindle of a dc motor whose rpm is 
controlled by a variable dc supply. The silane solution is added in the groove 
using a pipette. After that R5 solution is introduced into the groove and rotation is 
started immediately. Then an inverted glass slide is brought in contact with the 
upper meniscus of the reaction solution. It was insured that the slide did not 
come in contact with the disc and there was a separation of just a few
thousandths of an inch between the two. A micrometer was used to measure the
gap. The disc was rotated at varying rpms using the variable dc supply so as to 
subject the reaction solution to varying shear stresses. The silica produced was 
very carefully collected from the groove using a pipette. Some of the silica was 
left sticking on the inverted slide also. The silica collected from the groove and 
the silica collected on the inverted slide were both analyzed using first an optical 
and then the Atomic Force Microscope.
This method was not very effective as much of the reaction solution was lost at 
higher rpms due to centrifugal forces. Also the parallelness of the inverted slide
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with the spinning disk was difficult to maintain and they would come in contact 
with each other causing non-uniform shear stress fields to be introduced in the 
experiments. Although we got some promising results from this method, they 
were not very repetitive and we had to give this method up in search of a better
one.
Method 3:
This final method involved the use of a polyphenylene shaft rotating inside a 
stationary annular casing made of similar material with a clearance of 15 microns 
between the shaft and the casing. The shaft was supported inside the casing by 
two O-rings separated by about half inch. These O-rings were mounted inside 
grooves machined inside the casing. The material of the casing and shaft was 
selected so as to prevent any reaction between it and the reaction solution. Two 
holes with a diameter of one-sixteenth inch were drilled diametrically opposite to 
each other on the casing. These holes were provided to introduce the reaction 
solution inside the clearance and to clear bubbles from the annular slot. Using a 
syringe, the silane solution is introduced into the clearance through the bottom 
hole. The R5 peptide was then introduced through the top hole using a similar 
syringe until the solution emerged from the upper hole. The rotation was 




Fig 3.3 Schematic of set up for method 3
This approach is a much better method than the previous ones as it gives us 
more control over the flow fields, in other words the shear flow fields generated in 
this case are much more uniform and much more easier to quantify. The shear 
stress on the liquid reaction film can be approximated as
T  =  Rshaft 0) /  W
where ‘w’ is the thickness of the liquid film, which is equivalent to the clearance 
between shaft and casing (15 microns) in our case and to is the angular velocity. 
Except at the ends, the shear rate is nearly uniform. By controlling the rpm of the 
shaft, the shear rate can be controlled with good accuracy.
This setup has some very serious disadvantages too. Due to the use of O-rings 
without any lubrication, heat build up occurs. This makes the incidence of O-ring 
burn up very frequent. To prevent this, we have to use mineral oil for lubrication, 
but this contaminates the reaction solution and also takes up precious volume
inside the clearance. Hence the test volumes are decreased and the final silica
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produced is contaminated by the lubricating mineral oil, which is very difficult to 
purify.
3.1.4 Electro-Static and Electro-Hydrodynamic Tests:
As discussed in the previous section, shear flow fields were employed to affect 
the growth of biomimetically produced silica. Similarly, electric fields were also 
used to achieve control, particularly the positional control that is lacking in other 
techniques, of the silica.
For this purpose a cylindrical gold plated copper electrode with a diameter of 
1mm was employed. The R5 enzyme is a cationic peptide and it can be moved 
under the effect of an electric field. R5 is approximately 71% by mass, polar and 
cationic in nature. The presence of an electrostatic field will cause the R5 to 
migrate towards the lower potential. Hence by applying electric field to the 
electrode, R5 can be made to move towards and then adsorb on the surface of 
the anode. Then this adsorbed surface is brought in contact with silane solution 
causing the nanosilica to form on the electrode surface.
To realize the above phenomenon, the AFRL team [44] lowered the electrode 
into a hemispherical bowl containing R5 solution. The bowl is at negative 
potential as compared to the electrode. By keeping the electrode dipped in the 
solution, the R5 gets adsorbed on the surface of the electrode. Then this 
electrode is lowered into silane solution. For electrohrdrodynamic tests the
electrode is rotated inside the silane solution after R5 has been adsorbed on the
surface.
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The same procedure was used for studying various other biocatalysts or peptides 
like lysine and proved to be very effective.
This is a very efficient and effective method of examining the impact of shear 
field on biomimetically produced silica.
The shear stress that acts on the tip of the electrode is [45]:
tw ~ prco2 (pi I pco)1/2
where p is the density of reaction solution,to is the radial velocity and p is the
coefficient of friction. The shear stress is uniform on the electrode sides, as the 
radius remains constant for the sides. The schematic of the whole experiment 
can be seen in Figure 3.4.
Fig 3.4 Schematic for an Electrostatic and Electro-Hydrodynamic test
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3.2 Characterization:
As has been discussed in the previous chapter, one of the most important goals 
of this study is to characterize the biomimetically-produced silica. This 
characterization will help us learn how the various controls bring about a change 
in silica morphology and structure. The main instrument of choice to do this 
characterization study has been AFM/UFM.
As discussed previously the samples generated by the use of method 2 and 
method 3 were microscope glass slides, cut into three quarter inch squares so as 
to fit on the transducers. We don’t want the slides to overhang the sides of the 
transducer as it can cause unwanted movement or vibration of the samples 
towards the side of overhang.
But the most interesting samples were provided by Franco Rodriguez working at 
AFRL, in the form of silica growing on the edges of the copper electrodes with 
gold plating. These samples provided for some of the most interesting and 
important results as will be discussed in the next chapter. The electrodes were 
half an inch in length, but the silica was grown only on the lower quarter inch of 
these electrodes. Hence these electrodes were cut at quarter inch length from 
the tip to run ultrasonic force microscopy on them. After running UFM on the 
edges, these electrodes were cut once again at about 1 mm from the tip. This 
was done so as to stand the cut surfaces up on the transducer with the tip facing 
upwards. This is necessary since both electric and shear fields are different on
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the tip and the sides of the electrode, so different results are expected on the tip
and the sides.
The main coupling material, between the transducer and the sample, used in all 
of our samples was honey. It provides a coupling medium to transfer vibration 
from the transducer to the sample and also it holds the sample in place and does 
not let it move. If the sample moves, the image can be scratchy and not of much 
use. A very thin layer of honey is applied on the surface of the transducer and the 
sample is gently set over it. The sample is left to settle for some time, the typical
time is 5-10 minutes.
The sample coupled with the transducer is set on the sample stage of the AFM 
and the transducer is hooked to the signal generator and lock in amplifier.
The results obtained by employing all the above-explained methods will be 




As discussed in the previous chapters, atomic force microscopy and ultrasonic 
force microscopy studies were carried out in an effort to characterize the 
biomimetically-produced silica. The various experiments carried out provided us 
an insight into the effect of various physical fields, like shear flow fields and 
electric fields, on silica morphology as well as on the structural and mechanical 
properties. In this chapter we will discuss in detail the various results obtained 
and their implications.
The Scanning Probe Microscope used for all our experimentation was a 
Dimension 3000 Large Sample Scanning Probe Microscope manufactured by 
Digital Instruments, California. Stanford Instruments manufactured the lock-in 
amplifier used. All the transducers used for performing Ultrasonic Force 
Microscopy were fabricated by Boston Piezo-Optics Inc. The various probes, 
both contact mode and tapping mode, used for our experimentation were also 
provided by Digital Instruments.
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4.1 Static Test Results:
For a static test where the silica condensation reaction occurred in a quiescent 
environment (discussed in section 3.1.2), the silica produced is a colloidal 
dispersion of spheres with a typical size in the range of 500 nm. Figure4.1 shows 
such dispersion. The size of the image is 10 microns x 10 microns. Note that 
some spheres are isolated, while others appear to be fused.
The drops of the same solution were deposited on a typical microscopic glass 
slide and allowed to dry. This silica precipitated out as white powder and the 
silica on the slide was scanned using ultrasonic force microscopy. The results of 
this imaging can be seen in figure 4.2.
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Fig 4 .1 1mage of R5 mediated silica precipitated in a Silane solution during 
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Fig 4.2 AFM/UFM Image of Silica precipitated over a microscopic glass
slide
In this figure the right image shows the acoustic topography acquired using UFM. 
The left image is a simple AFM image. As can be clearly seen the resolution of 
UFM image is substantially better than the simple AFM image. The contrast is 
equally improved. As is clear from the upper portion of UFM image, the silica 
precipitated out is spherical with a typical radius of 500 nm. The image shows the 
scanned area, which is 2 pm x 2 pm. The noise in the middle of the UFM image 
is attributable to the movement of the sample under the lateral force of the 
contact mode cantilevered tip. To overcome this difficulty, we switched to tapping
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mode AFM. The image acquired by employing tapping mode AFM is seen in
figure 4.3. Again it clearly shows the spherical nature of silica precipitated out
during a static test. This image is comparable to the image seen by the left frame
in figure 4.2. The scanned area in this image is 1pm x 1pm.
NanoScope Tapping AFM 
Scan s ize  1.000 
Setpoint 1.198 
Scan ra te  1.001 
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Fig 4.3 Tapping mode AFM image of the silica precipitated out during static
test
In summation, using both UFM and tapping mode AFM scanning, it is clear that 
the silica obtained during a static test is spherical in nature with a characteristic 
diameter of 500 nm. Also these tests provide the baseline for evaluating the 
effects of physical control on structure and morphology.
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4.2 Hydrodynamic Test Results
As has been discussed in section 3.1.3, we employed various methods to apply 
shear flow field to attempt to achieve control of silica morphology and to observe 
any changes in mechanical properties. We will not be discussing results for
method 1.
Method 2 Results:
\Ne will start our discussion of the results from method 2 discussed in last
chapter. The sample preparation was similar to static test samples. The same 
microscopic slides were used to collect the precipitate. An optical image of the 
precipitate can be seen in figure 4.4.
Tapping 
Mode Probe
Fig 4.4 Optical Microscope image of silica precipitate on glass slide
This silica on the slide was then imaged with the AFM. It was not possible to run 
contact mode UFM on these samples as the precipitated silica was not bound to
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the slide and was loose. So the lateral forces involved during the contact mode 
moved the sample hence making it impossible to run the scan. Hence we used 
tapping mode for these samples as the lateral forces applied by the tip in this 
case are much lower than contact mode, hence the sample could be scanned 
effectively only using tapping mode. The results obtained clearly indicated that 
shear flow field affects the structure of the silica being obtained tremendously. 
The normally spherical silica, obtained during static tests, is now elongated and 
fiber like. This is a very important result as this shows that the morphology of the 
biomimetic silica can be changed through application of a shear field. The 
results can be clearly seen in figure 4.5.
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Fig 4.5 Tapping mode AFM image of silica obtained using method 2
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Although the contrast is not as good as UFM scan, it’s still clearly visible that we 
have obtained bundles of silica fiber like objects. The typical radius of these silica 
cylinders is of the order of 200 nm. Hence both size and structure were affected 
by the use of shear flow field. But repetition was difficult with the control 
technique employed.
Method 3 Results:
Method 3 was adopted as an improvement over the method 2 because of the 
improved control. After the test was run, the precipitated silica was drawn from 
the annular test section onto a microscopic slide and allowed to dry up. The silica 
concentration in this method was much higher than what was obtained in method 
2. This can be easily seen in figure 4.6. By comparing it with figure 4.4; we can 
clearly notice the difference in the concentration for the two methods.
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Silica Precipitate
Fig 4.6 Optical Microscope image of silica precipitate on glass slide for
method 3
Again as was the case previously the silica was bound too loosely to the glass 
slide to carry out any contact mode AFM/UFM tests. Hence we ran tapping mode 
AFM studies of these samples. As is clearly visible in figure 4.7 and figure 4.8 we 
get elongated structures, again with a typical diameter of 200 nm.
The shear rates experienced by the solution for this method were
r=/z
where ‘w’ is the clearance between the inner shaft and the outer casing and to is 
the angular velocity. The shear is almost uniform throughout the annular casing 
except near the ends.
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NanoScope Tapping AFM
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See figure 4.8
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Fig 4.7 Tapping mode AFM image of silica obtained using method 3
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This method gave us some very interesting and important results. It was
established that the structure and size of silica could be altered when subjected
to shear flow fields. As was the case in this method, the characteristic shape
changed from spherical to cylindrical and the size decreased from 500 nm to 200
nm.
The main disadvantage of this method is that it gives us no control over the
positioning of the silica. Also we were not able to run UFM on these samples,
which was a big disappointment.
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Next we analyzed silica grown on electrodes by Franco Rodriguez.
4.3 Electro-Hydrodynamic Test Results:
These tests were conducted by Franco Rodriguez at AFRL [44]. As discussed in 
section 3.1.4, a gold plated copper electrode was used to localize the enzyme, 
which acted as the catalyst for the silica biomineralization process. This helped in 
the positional control over the silica on the electrode surface. The silica grew on 
the electrode as a uniform layer. The biggest advantage of these samples was 
that the silica was bonded to electrodes strong enough for us to be able to run 
contact mode AFM. Silica growth can be clearly seen on the electrode after a 
typical test in figure 4.9. This is a Scanning Electron microscope image of the 
electrode after a typical test, provided by Franco Rodriguez. The images on the 
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Fig 4.9 SEM image of electrode (on the left) showing layer of silica after an 
Electro-Hydrodynamic test and Optical images (on the right) of the 
electrode side (top) and tip (bottom).
The diameter of the typical electrode used was 1 mm. The length of the electrode 
from the shoulder to the tip is approximately 9 mm. Since the electrode is dipped 
just up to 4 mm in the silane solution from the tip upwards; hence silica grows 
only up to about 4 mm on the electrode. So we cut the electrode at about 4.5 mm 
from the tip, so as to be able to image the entire silica growth.
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As evident from upper right hand corner image in figure 4.9, which shows the 
side of a typical electrode under the optical microscope provided in an AFM, 
silica sticking on the gold surface can be clearly seen. Silica grows in a uniform 
layer over the sides of the electrode, which can be attributed to a constant shear 
flow field. Figure 4.10 shows the AFM and UFM image of the bare gold surface, 
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Fig 4.10 AFM/UFM scan of the bare gold plated electrode surface
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After running the test this gold surface is covered by a layer of silica. Figure 4.11 
shows the AFM/UFM scan over such silica growth. This scan was done on the 
cylindrical side of electrode, where the shear flow field is constant.
AFM image Acoustic topography (UFM) 
image
Fig 4.11 AFM/UFM scan of the electrode side showing plate like structure of
Silica
As is evident from figure 4.10 the structure of silica is plate-like as compared to 
spherical and cylindrical obtained during static and hydrodynamic tests 
respectively. Also the orientation of the plate-like structures is in the same
direction as those of shear flow. Another feature of this scan is that the contrast
of the image in the UFM image is consistent over the scan area in the direction of
59
its growth. This goes to prove that the Elastic Modulus of silica growing over the 
scan area is constant. This can again be attributed to the constant shear flow
field over the electrode sides.
We analyzed the silica on another electrode, which was subjected to different 
test conditions by the AFRL team than the previous sample. Figure 4.12 shows 
the AFM/UFM scan for this sample. As compared to the last sample the silica 
growth is denser. This can be attributed to a higher concentration of peptide in 
the test solution. But again the structure remains plate-like and the contrast is 
almost constant over the scan
area.
Fig 4.12 AFM/UFM scan of the electrode side for SP9 formulation
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After examining the sides of the electrode, we cut it just above the tip so that we 
could stand the tip on end for a UFM scan to visualize silica growing on the tip. 
The lower right hand image in figure 4.8 shows the tip image acquired from the 
optical microscope within the AFM.
For a cylindrical electrode, using basic assumptions that the components of 
velocity in the radial and z-directions are negligible and that the only non-zero 
component is the velocity in 0-direction which is a function of the radius(r), the 
shear stress on the tip can be approximated as
tw ~ prco2 (pi I pen)%
where p is the density of reaction solution, co is the radial velocity and p is the 
viscosity of the solution. Hence the shear stress is directly proportional to the
distance from the electrode center.
As can be seen in figure 4.8, the center of the tip has some bare spots where no 
silica has formed. This is like due to the solution being thrown towards the 
outside due to the centrifugal forces at higher rotational speeds. Hence no 
peptides are adsorbed at the tip-center. Also, as is evident from the image, the 
concentration of silica increases as we move toward the outer edges of the
electrode.
Figure 4.13 shows the AFM scan of the electrode tip. When compared to figure 
4.11 and figure 4.12, the scan clearly shows that the structural morphology of the
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silica growing on the tip is slightly different from the silica growing on the 
electrode sides. The structure of the silica on the tip is more truss-like in nature 
rather than plate-like. This difference in the structural morphology may be 
attributed to the differences along the tip in the electric field employed to adsorb 
peptide on the electrode and/or on the shear flow field present during the 
biomineralization process on the tip than on the electrode sides.
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Fig 4.13 AFM scan of the electrode tip
The next scan was done in the middle of the tip so as to get both uncovered gold 
part of the tip and the part covered in silica under the same scan area. As seen in 
figure 4.14, this image provides a very good contrast between the gold film and
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the bio-silica growing over it. Gold crystals are easily visible on the left hand side 
where as the silica covers the right hand side of the image. The same truss-like 
silica structure is evident in figure 4.13. The most notable feature of the UFM 
image is that in right frame there is a slight increase in the brightness of the 
image away from the tip center, i.e. away from the region where no silica is 
present. This also happens to be the direction of increasing shear flow field. Also 
the characteristic structure size tends to decrease towards increasing shear flow
field.
Almost same brightness shows UFM image showing Gold-Silica
almost same Elastic Constant. Contrast
Fig 4.14 AFM/UFM scan of the center of electrode tip
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As was discussed in chapter 2, the brightness in a UFM scan can be interpreted 
as the stiffness of the material. The brighter the image is, the higher is the 
Young’s modulus. As is evident from the contrast between the gold crystals and 
silica in the UFM scan, the brightness is almost same for both regions except for 
a 5-micron belt of silica near the tip center, which is darker. But for the most part, 
it was observed that the brightness of silica remains almost constant beyond this 
darker belt near the center of the tip.
Now the young’s modulus for thin plated gold has been reported as 78 GPa [48] 
with an error of 13%. Hence it is safe to assume that the Young’s modulus for our 
bio-silica is also in the same ballpark. Thus, 78 GPa is a very good 
approximation for the bio-silica modulus of elasticity and it is in agreement with 
the values for various kinds of silica, which range from 70 GPa to 92 GPa with an
error of 20%.
We have been able to characterize the bio-silica, both structurally and 
mechanically, to a very good measure. The various conclusions of our work will 





The research conducted by our and other groups working clearly shows the 
potential for biomimetic process as a viable process for silica production. The 
results obtained after exhaustive experimentation clearly show that the 
morphology, structure and position of the silica can be controlled during its 
production. The major conclusions of our research can be listed as follows.
1. The structure of bio-silica is spherical with a characteristic size of 500nm 
for quiescent in vitro reactions.
2. The structure of bio-silica changes from spherical to cylindrical when 
subjected to shear flow fields.
3. The characteristic size of bio-silica decreased from 500 nm for static tests
to 200 nm to silica produced under the effect of shear flow fields.
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4. The application of an electric field can control the peptide adsorption on
the surface of an electrode.
5. These electric fields, in synergy with shear flow fields, can be used to 
control both structure and location of silica growth.
6. The structure of silica changes from cylindrical to plate like under the 
synergetic effect of electric and shear flow fields.
7. The concentration of silica growth increases with increasing shear flow 
fields over the tip of an electrode.
8. The Young’s modulus for silica produced by electro-hydrodynamic 
technique is approximately equal to that of the gold film on the electrode, 
which is approximately 78-80 GPa.
All of the above conclusions demonstrate positive impact of a shear flow field 
present during the silica formation on both the “ordering” of the structure and its 
mechanical properties.
5.2 Recommendations
Any future work in this area should be focused on determining the change in 
mechanical properties of bio-silica affected by various processes. As was the 
case in our research effort, we recommend that the UFM be used for this 
research as it has proved to be a very effective tool. Especially “Differential 
UFM”, as suggested by Franco Dinelli [41], should be further investigated as it 
holds great potential for this kind of research. Other techniques like Atomic Force
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